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Center, National Heart, Lung, and Blood Institute, National Institutes of Health, Bethesda, MarylandABSTRACT There is now considerable evidence of the importance of mechanical cues in neuronal development and regen-
eration. Motivated by the difference in the mechanical properties of the tissue environment between the peripheral (PNS) and
central (CNS) nervous systems, we compare substrate-stiffness-dependent outgrowth and traction forces from PNS (dorsal root
ganglion (DRG)) and CNS (hippocampal) neurons. We show that neurites from DRG neurons display maximal outgrowth on
substrates with a Young’s modulus of ~1000 Pa, whereas hippocampal neurite outgrowth is independent of substrate stiffness.
Using traction force microscopy, we also find a substantial difference in growth cone traction force generation, with DRG growth
cones exerting severalfold larger forces compared with hippocampal growth cones. The traction forces generated by DRG and
hippocampal growth cones both increase with increasing stiffness, and DRG growth cones growing on substrates with a Young’s
modulus of 1000 Pa strengthen considerably after 18–30 h. Finally, we find that retrograde actin flow is almost three times faster
in hippocampal growth cones than in DRG. Moreover, the density of paxillin puncta is significantly lower in hippocampal growth
cones, suggesting that stronger substrate coupling of the DRG cytoskeleton is responsible for the remarkable difference in trac-
tion force generation. These findings reveal a differential adaptation of cytoskeletal dynamics to substrate stiffness in growth
cones of different neuronal types, and highlight the potential importance of the mechanical properties of the cellular environment
for neuronal navigation during embryonic development and nerve regeneration.INTRODUCTIONKnowledge about the mechanisms that control axonal
outgrowth, guidance, and maturation is essential for under-
standing the development of the nervous system, and
enabling the systematic design of interventions to promote
recovery after nerve injury. It is well established that the
growth a highly motile sensory structure at the tip of an
axon, samples and integrates information about the local
biochemical environment, and modulates outgrowth and
guidance (1–5). However, the growth cone also experiences
environments with different mechanical properties estab-
lished by the cytoarchitecture of the nervous system and
adjacent tissues (6). Furthermore, mechanical forces play
an important role in axonal elongation and maturation,
and neuronal growth cones actively generate forces
(reviewed in Suter and Miller (7)). The implications of
external mechanical cues and internal mechanical force
generation for axonal development and regeneration are
not well understood.
Many properties of cells are altered in response to the
mechanics of their environment (8,9). Stem cell differentia-
tion can be induced solely through substrate stiffness, with
soft substrates facilitating neuronal differentiation (10).
Neurons are unusual among mechanosensitive cells in
that, in general, they seem to prefer soft to stiff substrates
(6,9). In central nervous system (CNS) neuronal cultures,
neurite outgrowth and branching are increased on softSubmitted August 24, 2011, and accepted for publicationDecember 9, 2011.
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0006-3495/12/02/0452/9 $2.00substrates, whereas glial cell growth is suppressed (11–13).
This is often attributed to the fact that CNS tissue, which has
a significant number of glial cells, is one of the softest
tissues in the body (9,14,15). However, PNS neurons navi-
gate through a very different and diverse mechanical
environment dominated by different tissue cells and extra-
cellular matrices (ECMs) (6,9), suggesting that their biome-
chanics may differ from those of CNS neurons.
Cells sense the substrate stiffness by exerting traction
forces, and consequently the range of stiffnesses to which
a cell can respond is determined by its ability to generate
and modulate mechanical force (9). Neuronal growth cones
exert traction forces that lead to tension in the neurite
(15–17) and have been attributed to contractile forces asso-
ciated with the filopodia (18–20). Mechanical tension can
specify axonal fate in hippocampal neurons (21) and is
actively regulated in axons of Drosophila neurons in vivo
(22). However, the distribution and spatiotemporal dynamics
of the traction stresses in neuronal growth cones, and their
role in tension generation, have not been identified. In addi-
tion, the specific relationship among neurite outgrowth,
growth cone traction force generation, andmechanosensitive
response is not well understood, and possible differences in
mechanosensitivity between different neuronal populations
have not been explored.
Motivated by these observations, we investigated neurite
outgrowth, traction force generation, and cytoskeletal
substrate coupling on soft elastic substrates for dorsal root
ganglion (DRG) neurons (as representative PNS neurons)
and hippocampal neurons (CNS neurons) to understanddoi: 10.1016/j.bpj.2011.12.025
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cone motility and neurite outgrowth in different neuronal
populations. We find that the biomechanics of DRG neurons
are dramatically different from those of hippocampal
neurons. DRG neurons display relatively large, steady trac-
tion forces and maximal outgrowth and force generation on
substrates of intermediate stiffness, whereas hippocampal
neurons display weak, intermittent traction forces and
a limited dependence of outgrowth and forces on substrate
stiffness. DRG growth cones show significantly slower rates
of retrograde actin flow and a higher density of paxillin
puncta compared with hippocampal neurons, suggesting
that the difference in force generation is due to stronger
adhesions and therefore stronger substrate coupling in
DRG growth cones. The largest traction forces are observed
in DRG growth cones that have been growing on substrates
of intermediate stiffness for >18 h, indicating that DRG
neurons may adapt to substrates of optimal stiffness.MATERIALS AND METHODS
Cell culture
DRGs were removed from the lumbar region of P0-P1 rat pups, trimmed,
washed in Dulbecco’s modified Eagle’s medium (DMEM), and enzymati-
cally digested for 20 min in 3 ml 0.25% trypsin/10 mg/ml DNase/Ca2þ
and Mg2þ-free Hanks balanced salt solution (HBSS). Explants were then
dissociated by trituration with a fire-polished Pasteur pipette. The reaction
was stopped by addition of an equal volume of fetal bovine serum (FBS),
followed by addition of DMEM to a final volume of 15 ml. Cells were
then pelleted, resuspended in 5 ml DMEM, and passed through a 100 mm
cell strainer. The cell strainer was rinsed twice with 5 ml DMEM and the
cell solution was pooled, pelleted, washed twice in DMEM, and finally
resuspended in Neurobasal media (Life Technologies, Grand Island, NY).
Hippocampi were removed from E18 rats, washed three times in HBSS,
and then enzymatically digested in 0.1% trypsin HBSS for 15 min. FBS
was added to stop the digest, followed by three washes with HBSS and
resuspension in 5 ml HBSS. The hippocampi were dissociated by trituration
with a 5 ml serological pipette, followed by further trituration with flame-
polished Pasteur pipettes. For culture, hippocampal neurons were main-
tained in Neurobasal medium with 2% B27, 5% horse serum, 100 units/ml
penicillin, 100 mg/ml streptomycin, 0.25 mg/ml Fungizone, and 10 mM
HEPES. DRGs were cultured in the same medium with the addition of
2 nM nerve growth factor. All cell culture materials were obtained from
Gibco (Grand Island, NY). Cells were plated at relatively low densities
of 1104 cells/dish for DRG and 5104 cells/dish for hippocampal
neurons, and incubated at 37C and 5% CO2 atmosphere. Glia cell numbers
were kept very low by careful trimming during the dissection process and
low plating density. In addition, single neurons/growth cones were selected
for observations to avoid interference from glia cells or other neurons. Cell
viability on the microscope stage was ensured by means of a live cell
chamber equipped with an objective heater (Tokai Hit, Shizuoka-Ken,
Japan) that controlled temperature and pH.Immunocytochemistry and transfection
Cells were washed with 37C PBS, fixed with 4% PFA PBS for 10 min,
permeabilized in 0.1% Triton X-100 PBS for 5 min, and then washed
with PBS four times for 15 min. The cells were stained with Alexa Fluor488
phalloidin (Invitrogen, Carlsbad, CA) at 2 units in 300 ml per 20 mm well
for 1 h, followed by three washes of PBS for 15 min. Anti-paxillin antibody(clone 349; BDBiosciences, SanDiego, CA)was used at 1:50 in PBS for 2 h,
followed by four washes of PBS for 15 min each. Goat anti-mouse Alexa
Fluor568 secondary antibody (Invitrogen) was used at 1:1000 in PBS for
1 h, followed by four washes for 15 min with PBS. To visualize the actin
dynamics, neurons were transformed with the CellLight Actin-GFP Bac-
Mam 2.0 system (Invitrogen) according to the supplier’s instructions.Polyacrylamide hydrogel substrates
Polyacrylamide (PAA) hydrogels were prepared according to published
procedures (23,24) with some modifications. Briefly, 20 mm glass-
bottomed dishes (MatTek, Ashland, MA) were wiped with 0.1 N NaOH
and silanized with 3-aminopropyl-trimethoxysilane (Sigma-Aldrich, St.
Louis, MO). The dishes were washed extensively and the glass surface
was treated for 30 min with 0.5% glutaraldehyde followed by a final
wash. Then 18-mm coverglasses were coated with Sigmacote (Sigma-
Aldrich) to make nonadhesive top coverslips. Acrylamide and bis-acryl-
amide (Bio-Rad Laboratories, Richmond, CA) were mixed in PBS solution
to a final volume of 1 ml at appropriate concentrations to achieve the
desired gel stiffness (see Table S1 in the Supporting Material). For traction
force measurements, FluoSphere bead solution (0.2 mm, 660 nm; Invitro-
gen) was added at 5% volume. The final solution was degassed for
15 min and put on ice for 5 min. Polymerization was initiated by addition
of 10 ml freshly prepared ammonium persulfate (10% w/v solution; Sigma-
Aldrich) and 3 ml of N,N,N,N-tetramethylethylenediamine (TEMED;
AcrosOrganics, Morris Plains, NJ). Immediately after initiation, 5 ml
PAA solution was pipetted onto the MatTek dish coverglass and the nonad-
hesive top coverslip was quickly placed onto the gel droplet and gently
pressed down. The dish was inverted to facilitate settling of fluorescent
beads at the upper gel surface. After 30 min the gel was immersed in water
for 10 min, and then the top coverslips were gently removed under water.
The gels were allowed to swell in dH2O for 1–2 h before the surface coating
treatment. The gels were coated with 2 mg/cm2 (5 ml of 1 mg/ml CellTak
(BD Biosciences) in 200 ml dH2O) in a 20 min incubation at room temper-
ature followed by 2 mg/cm2 (5 ml of 1 mg/ml laminin in 200 ml PBS)
laminin incubation for 2 h at 37C. Before seeding with cells, the gels
were incubated in cell culture media for a minimum of 2 h at 37C. Previous
studies showed no significant difference in laminin adsorption onto gels of
different stiffness (12,13). Stiffness was characterized during polymeriza-
tion by rheology measurements performed on a stress-controlled bulk
rheometer (Anton Paar KG, Graz, Austria) with 1 Hz oscillatory shear at
1% strain for 30 min. The Young’s modulus used in the traction stress calcu-
lation was determined from the measured storage modulus G0 as E ¼
2G0(1þn) using a Poisson ratio n of 0.45 (25).Neurite tracing and image analysis
Images for assessment of neurite length and analysis of the actin dynamics
were taken on a Leica TCS SP5 confocal laser scanning microscope. For
neurite length assessment, at least 20 cells for each gel condition and exper-
iment were imaged with a 20 water immersion objective as three-dimen-
sional (3D) stacks. Neurites were traced using the Filament Tracer package
of Imaris (Bitplane AG, Zurich, Switzerland). The total neurite length is
calculated as the sum of all neurite lengths. Because the neurite length
varied from trial to trial, we analyzed the data by a two-way analysis of vari-
ance (ANOVA, stiffness versus trial) using Sigmaplot 11 (Systat Software,
Chicago, IL), followed by post-hoc comparisons using Duncan’s method.
For display in Fig. 1 B the neurite lengths in each trial were normalized
to average neurite length at 1000 Pa and combined. Actin dynamics were
imaged at 1–5 s time resolution for typically 5–10 min with a 63 water
immersion objective. We created kymographs along three lines for each
growth cone and performed three flow measurements for each kymograph
using a custom MATLAB routine (The MathWorks, Natick, MA). Paxillin
and phalloidin staining was imaged with a 60 water immersion objective
on a TE2000-U inverted microscope (Nikon Instruments, Melville, NY)Biophysical Journal 102(3) 452–460
FIGURE 1 (A) DRG and hippocampal neurons grown on soft (300 Pa), intermediate (1000 Pa), and rigid (5000 Pa) substrates, fixed and stained for actin
filaments at 8 h (DRG) or 24 h (hippocampal). (B and C) Neurite outgrowth of hippocampal (B) and DRG (C) neurons on laminin-coated PAA substrates of
different stiffness. Total neurite length is normalized to the mean value at 1000 Pa to allow for comparison between independent experiments. Values repre-
sent the mean of at least three independent experiments. Error bars indicate the SE.
454 Koch et al.equipped with a Yokogawa (CSU10; Solomere Technology, Salt Lake City,
UT) spinning disk confocal head and an electron-multiplying CCD camera
(Andor Technologies, Belfast, Northern Ireland) as a 3D image stack. We
quantified the paxillin density ratio between the growth cone and neurite
using a custom MATLAB routine.Traction force microscopy
PAA hydrogels were prepared as described above. Fluorescence images of
beads and bright-field transmission images of cells were recorded as 3D
stack time series for 1–2 h with 1–5 min time resolution on a Leica TCS
SP5, confocal laser scanning microscope (Leica, Deerfield, IL) equipped
with a 63 water immersion objective at z steps of 0.3–0.5 mm. Image sli-
ces were median-filtered to reduce noise, followed by a maximum projec-
tion of the 3D stack. The resulting 2D images were drift-corrected by
detecting the shift of each image with respect to the first image. The shift
was calculated in each corner region (1/5  1/5 of the image) from the
peak of the cross correlation, and the median of the four values was used
for the drift correction. The reference image was calculated from the
median of the intensity time course at each pixel. Bead displacements
between images and the reference image were detected on a 0.75 mm 2D
grid using cross correlation. The corresponding deformation field was ob-
tained by 2D Gaussian interpolation. We calculated the traction stress field
from the deformation field by implementing a Fourier transform-based
algorithm using the Boussinesq Green’s function as presented by Sabass
and colleagues (25). Peak stress is defined as the maximum stress in an
image. The average stress over the entire growth cone in an image is calcu-
lated as the mean of the stress in a region exceeding a threshold value of
30% of a preset maximum value on the order of the peak stress. The overall
maximum and mean of the peak and average stresses are calculated for each
time series taking into account only time points that show stresses above the
threshold value. The net force is calculated as the vector sum of all stresses
within the same region used to calculate the average stress. The stress noise
level is defined as the median of the maximum stress in each corner region
of an image. In all cases, the noise level is significantly lower than the peak
stress values: the lowest values of the signal/noise ratio are 3.855 1.13 Pa
(5 SD) for DRGs (3–10 h) on 1675 Pa and 3.12 5 1.04 Pa (5 SD) for
DRGs (20–30 h) on 1675 Pa substrates, and 1.90 5 0.48 Pa (5 SD) for
hippocampal growth cones on 615 Pa substrates. The position of the growthBiophysical Journal 102(3) 452–460cone is determined by manually estimating the center of the growth cone
stress field in each image. The distance traveled is measured from the
growth cone position in the initial image, and the speed is the absolute
difference between successive positions divided by the time between
images. All analyses were performed with the use of a custom MATLAB
routine. Force and stiffness data were analyzed using a one-way ANOVA
using Sigmaplot 11 (Systat Software), followed by post-hoc comparisons
using the Holm-Sidak method.RESULTS
Neurite outgrowth dependence on substrate
rigidity
To elucidate the effect of substrate mechanical properties on
neurite outgrowth, we measured neurite lengths of DRG and
hippocampal neurons growing on soft elastic substrates over
a physiologically relevant stiffness range (6,9). Cells were
plated on polyacrylamide hydrogels coated with laminin
to support adhesion and outgrowth, and ranging in stiffness
from a Young’s modulus of 150–5000 Pa. Cells were fixed
at 8 h (DRG) and 24 h (hippocampal) after plating.
These times were chosen to be long enough to ensure
substantial outgrowth but also short enough to prevent neu-
rites from forming a network. Neurite length was measured
after the actin filaments were visualized using Alexa
Fluor488 phalloidin. The typical morphology and neurite
outgrowth of DRG and hippocampal neurons are shown in
Fig. 1 A. DRG neurons show robust outgrowth on substrates
of ~R1000 Pa, but on softer substrates the neurites are
noticeably shorter. By contrast, hippocampal cultures on
substrates of different stiffnesses are visually very similar.
Quantification of outgrowth confirms this observation: the
length of hippocampal neurites is independent of substrate
stiffness (Fig. 1 B). In contrast, DRG neurite length is
Growth Cone Traction Forces 455significantly affected by substrate stiffness (p < 0.001, two-
way ANOVA). DRG outgrowth is maximal at an interme-
diate stiffness of ~1000 Pa. The least growth is observed
on soft gels of ~150–450 Pa, and the growth on gels of
150–450 Pa and 5000 Pa is significantly different from
that on gels of 1000 Pa (Duncan’s multiple range test;
Fig. 1 C). Thus, DRG neurite extension appears to be opti-
mized for intermediate substrate stiffness and is reduced on
soft or stiff substrates. In addition, we investigated the role
of branching in the substrate-dependent outgrowth. We find
that the branching frequency (number of branch points per
length) is approximately constant over the measured stiff-
ness range, with only a slight increase on softer substrates
for both hippocampal and DRG neurons (see Fig. S1). To
investigate how the stiffness dependence of the DRG neurite
outgrowth evolves, we examined the outgrowth versus time
within the first 24 h after plating on soft, intermediate, and
stiff substrates using time-lapse microscopy (see Movie
S1). We find a linear increase in total neurite length on inter-
mediate and stiff substrates, but more complicated behavior
with pausing or retraction on soft gels, indicating that less-
persistent outgrowth for neurons on soft gels leads to the
observed reduction in neurite length (Fig. 1 C and Fig. S2).Traction force generation
To compare traction forces between PNS and CNS neurons,
and to assess the effect of substrate stiffness on the genera-
tion of traction forces, we plated DRG and hippocampalneurons onto laminin-coated, elastically deformable poly-
acrylamide hydrogels with fluorescent tracer beads
embedded at the surface. We measured the traction stresses
generated by the motile growth cones using standard trac-
tion force microscopy techniques (24,26,27). We examined
the traction force generation of DRG neurons within the first
3–10 h and at 20–30 h after plating. These time points were
chosen to capture growth cones on properly formed extend-
ing neurites during the initial outgrowth and at a more
mature stage. Hippocampal neurons were observed at
18–30 h after plating (to ensure sufficient outgrowth) and
selected for stage 3 morphology characterized by a single
prominent, long neurite (13,28). Images were taken every
1–5 min over a time period of 1–2 h. Solitary, actively
forward-moving growth cones were selected for analysis,
excluding growth cones that exhibited retraction, bifurca-
tion, or fasciculation. Fig. 2, A and B, and the corresponding
Movie S2 and Movie S3, show representative traction stress
fields generated by DRG and hippocampal growth cones,
respectively. DRG stress fields typically span the entire
growth cone, whereas the highest traction stresses are
located around the peripheral region and often coincide
with filopodial position. DRG peak traction stresses vary
considerably with time, whereas the average stress over
the entire growth cone stress field shows remarkably little
variation (Fig. 2 C, Fig. S3, Fig. S4, and Movie S2), suggest-
ing that the level of traction generation activity in the growth
cone is tightly regulated. In contrast, hippocampal growth
cones are highly dynamic, displaying short periods of highFIGURE 2 Traction stress fields for (A) DRG
growth cones on 1000 Pa at 6 h, and (B) hippo-
campal growth cones on 300 Pa at 22 h. Arrows
(white) give the direction and magnitude of traction
stress. The white outline indicates the growth cone
shape, and the black outline indicates the region
used for mean stress field and net force calculation.
The heat map represents the magnitude of traction
stress s in Pa (pN/mm2). The large arrow (magenta)
shows the direction of the net traction force. Scale
bars are 10 mm. (C and D) Time course of peak
(,) and average (>) traction stress and noise level
(dashed black) for the DRG and hippocampal
growth cones shown in A and B, and Movie S2
andMovie S3. (E andF) Corresponding time course
of net traction force (B) and distance moved from
the initial position (þ).
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456 Koch et al.stress and long phases of low stress in which they do not
generate traction stresses larger than the measurement noise.
Both peak and average stresses show similar variability and
appear to be highly correlated (Fig. 2 D, Fig. S5, and Movie
S3). DRG growth cones typically show steady forward
movement, with some variation in peak stress and net force
exerted by the growth cone (Fig. 2 E, Fig. S3, and Fig. S4).
Hippocampal growth cone movement is characterized
by intermittent growth phases, with no obvious correlation
between outgrowth and either peak stress or net force
(Fig. 2 F and Fig. S5).FIGURE 3 (A) Maximum average traction stress for DRG at 3–10 h (:)
and 20–30 h (-) and for hippocampal growth cones at 20–30 h (A)
as a function of substrate stiffness. (B) DRG growth cones generate
maximum (dark blue) and mean (light blue) peak traction stresses of
speak,Max ¼ 53.05 3.3 Pa and <speak>t ¼ 31.25 2.0 Pa (n ¼ 27, 3–10 h)
and speak,Max ¼ 79.6 5 6.4 Pa and <speak>t ¼ 51.6 5 4.1 Pa (n ¼ 24,
20–30 h) on 1000 Pa. Hippocampal growth cones generate speak,Max ¼
15.9 5 1.5 Pa and <speak>t ¼ 8.6 5 0.6 Pa (n ¼ 18, 20–30 h) on
430 Pa. (C) Corresponding maximum (dark purple) and mean (light purple)
net traction forces for DRG (FNet,Max ¼ 6785 99 pN, <FNet>t ¼ 2845
58 pN, 3–10 h; FNet,Max ¼ 1179 5 169 pN, <FNet>t ¼ 537 5 107 pN,
20–30 h) and hippocampal (FNet,Max ¼ 247 5 34 pN, <FNet>t ¼ 71 5
15 pN, 20–30 h) growth cones. All values in A–C are given as the
mean 5 SE (n R 15, except DRG 1675 Pa at 3–10 h and DRG 500,
860, 1675 Pa at 20–30 h: nR 8, hippocampal 615 Pa, n ¼ 6). Significance
indicates p < 0.01 (Student’s t-test).Substrate stiffness-dependence of traction force
generation
The ability to detect and adapt to substrate stiffness is
likely to be beneficial when a cell attempts to navigate
mechanically diverse environments. Accordingly, models
for substrate coupling and mechanosensitivity mechanisms
predict that substrate rigidity modulates lamellipodium
dynamics and traction forces (9,13,20,29,30). We find that
traction force generation significantly depends on substrate
stiffness for DRG and hippocampal neurons on substrates
with Young’s moduli between 200 and 1700 Pa (p < 0.001,
one-way ANOVA). As shown in Fig. 3 A, average traction
stress from DRG growth cones 3–10 h after plating
increases from 23.2 5 0.8 Pa, n ¼ 16, 5 standard error
(SE)) on 500 Pa substrates to 39.05 1.4 Pa (n ¼ 33,5SE)
on 1100 Pa substrates (p <0.001), followed by a decline
to 30.9 5 1.3 Pa (n ¼ 8, 5SE) at 1675 Pa (p < 0.001).
By contrast, growth cones from more mature neurons,
20–30 h after plating, are overall stronger and show a larger
increase in traction stress with stiffness from 26.15 1.1 Pa
(n ¼ 13, 5SE) at 500 Pa up to a peak of 44.3 5 2.3 Pa
(n¼ 24,5SE) at 1000 Pa (p< 0.001), followed by a decline
back to 28.65 2.0 Pa (n¼ 8,5SE) at 1675 Pa (p< 0.001).
For substrate stiffness > 1700 Pa, the deformations are too
small to be accurately measured. Because of their weak trac-
tion forces, hippocampal growth cones produce measurable
deformations only on softer gels. However, hippocampal
neurons also show increasing traction force generation
with increasing substrate stiffness (Fig. 3 A). The average
stress from hippocampal growth cones increases from
5.2 5 0.3 Pa (n ¼ 20, 5SE) at 200 Pa to 9.2 5 0.5 Pa
(n ¼ 18, 5SE) at 430 Pa (p < 0.001). The maximum
peak stresses measured for DRG and hippocampal growth
cones follow the same trend as the average stresses
(Fig. S6). Fig. 3, B and C, show a direct comparison of the
maximum and mean peak stresses and the corresponding
net forces generated byDRGand hippocampal growth cones.
These results show that, by all measures, DRG growth
cones generate significantly higher traction stresses com-
pared with hippocampal growth cones. Of interest, we see
an increase in the net force, indicating a rise in neurite tension
at 20–30 h that corresponds to an overall increase in tractionBiophysical Journal 102(3) 452–460forces after 1 day (Fig. 3 C and Fig. S6). At this stage, DRG
neurons typically have formed an interconnected network
that undergoes substantial rearrangement and appears to
generate significant internal tension (Movie S1).Cytoskeletal dynamics and substrate coupling
Growth cone signaling pathways modulate the cytoskeletal
dynamics that ultimately determine morphological changes
and growth cone movement (31). Growth cone traction
stresses arise from coupling between the substrate and the
actin cytoskeleton through adhesion complexes, and this
coupling can produce an inverse relationship between
the rate of retrograde actin flow and the traction stress
(20,29,30). Thus, we investigated whether the difference
in traction stresses between DRG and hippocampal growth
Growth Cone Traction Forces 457cones is associated with a difference in rates of retrograde
actin flow. DRG and hippocampal neurons were transfected
with GFP-actin to visualize the dynamics of the actin cyto-
skeleton and plated on laminin-coated glass substrates.
Images were taken every 1–5 s over a period of typically
5–10 min, and retrograde actin flow velocities were quanti-
fied via a kymograph analysis. We find that the actin retro-
grade flow is significantly slower in DRG growth cones than
in hippocampal growth cones (Fig. 4 A and Movie S4). The
measured actin retrograde flow velocities are vRF ¼ 3.4 5
0.3 mm/min (n ¼ 14, 5SE) for DRG and vRF ¼ 9.5 5
0.3 mm/min (n ¼ 19,5SE) for hippocampal growth cones
(p < 0.001, Student’s t-test).
Nonmuscle myosin II is an actin-binding molecular
motor that has been implicated in mechanosensing and trac-
tion force generation in many motile cells (9). Its activity is
required for successful growth cone navigation (18), and it is
a main driving force in retrograde flow generation (32). We
investigated the role of myosin II in traction force genera-
tion in neuronal growth cones by using blebbistatin,
a specific inhibitor of nonmuscle myosin II. For DRG
growth cones on intermediate stiffness gels, application of
10 mM blebbistatin completely abolishes traction force
generation within a few minutes (Fig. 4 B). This is accom-
panied by a collapse in growth cone lamellipodia and
most filopodia, but neurites continue to extend (Movie S5).To assess possible differences in substrate coupling, we
fixed DRG and hippocampal neurons on soft, intermediate,
and stiff gels, and stained for actin filaments and paxillin,
a protein associated with adhesion complexes (33,34). We
quantified the paxillin staining density by assessing the ratio
of the mean fluorescence intensity within the growth cone as
compared with the neurite. We find that the paxillin density
in DRG growth cones is significantly increased relative to
that in the neurite, whereas hippocampal growth cones
show a substantial reduction relative to their neurites
(Fig. 4, C and D, p < 0.01, Student’s t-test).DISCUSSION
During nervous system development and regeneration,
neuronal growth cones navigate through tissue with a wide
range of mechanical properties that differ depending on
the developmental stage and neuronal population. At the
earliest stages of development, hippocampal neurons extend
on radial glial cells, which are among the softest cells in the
body (E~500 Pa) (6,14). In the PNS, neurons encounter
tissues with a wide range of stiffnesses (9). The effects of
these different stiffnesses on neurite outgrowth and path-
finding, as well as possible differences among different
neuronal populations, are still largely unknown. Our find-
ings indicate that growth cones from DRG (PNS) neuronsFIGURE 4 (A) Retrograde actin flow velocities
of hippocampal and DRG neuronal growth cones
on laminin-coated glass substrates. The mean
actin retrograde flow velocity is vRF ¼ 9.5 5
0.3 mm/min (n ¼ 19) for hippocampal and vRF ¼
3.45 0.3 mm/min (n¼ 14) for DRG growth cones.
(B) Addition of 10 mM blebbistatin, a nonmuscle
myosin II inhibitor, reduces peak traction stress
from speak,Max¼ 50.25 3.9 Pa to essentially noise
levels at speak,Max ¼ 10.1 5 0.9 Pa (n ¼ 12). (C)
Ratio of paxillin mean intensity in growth cone
versus neurite for hippocampal (R ¼ 0.86 5
0.06, 300 Pa, n ¼ 25) and DRG (R ¼ 1.50 5
0.06 at 6 h, 1000 Pa, n ¼ 24; R ¼ 1.21 5 0.12
at 24 h, 1000 Pa, n ¼ 20) on soft (S), intermediate
(M), and rigid (R) gels. Values in A–C are mean5
SE. Significance indicates p < 0.01 (Student’s
t-test). (D) Actin and paxillin distribution in
DRG and hippocampal growth cones. Focal puncta
are concentrated in the growth cone periphery and
along filopodia in DRGs. The puncta density is
reduced in hippocampal growth cones compared
with the neurite. Scale bars are 10 mm.
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458 Koch et al.generate significantly larger forces than do hippocampal
(CNS) neurons and display a remarkable degree of
mechanosensitivity, with both outgrowth and traction force
generation showing a strong dependence on substrate stiff-
ness. Moreover, substrate coupling appears to be differen-
tially modulated in the two populations, with DRG growth
cones showing slower retrograde flow rates and higher
levels of paxillin staining. Thus, different populations of
neurons appear to have developed force-generation and
rigidity-response mechanisms tailored to their respective
environments.
In several previous studies, researchers investigated
the effect of the stiffness of the environment on neurite
outgrowth. Mouse spinal cord primary neurons displayed
more branches on soft (E ~150–700 Pa) substrates after
a week in culture (11). DRGs were shown to grow longer
neurites in soft 3D agarose gels (35) and toward the softer
region in a stiffness gradient in 3D fibrillar collagen
matrices (36). However, in contrast to our results, the
neurons in these studies were cultured either significantly
longer (for 7 days up to several weeks) before neurite length
assessment with only a few widely separated substrate stiff-
nesses, or in more-complex 3D structures. By comparing
different neuronal populations using identical protocols,
we were able to clearly demonstrate significant differences
in stiffness-dependent neurite outgrowth between represen-
tative CNS and PNS neurons. The range of substrate stiff-
nesses we investigated is also consistent with the stiffness
of brain tissue and, most likely, that of Schwann cells
(PNS glial cells). A recent study showed that adult rat
cerebellar slices have a low elasticity, with a range of
100–500 Pa, with white matter having lower stiffness than
gray matter (15). In contrast to previous findings on hippo-
campal neurons grown on a much broader stiffness range of
gels for 48 h (13), we observe no dependence of hippo-
campal neurite outgrowth on substrate stiffness within the
first 24 h after plating. This apparent difference may be
due to changes in the biomechanics of neuronal growth
during maturation or differences in the substrate protein
coating. Of interest, cortical neuron outgrowth was also
shown to be insensitive to substrate stiffness in the same
range presented here (37). CNS neurons grow remarkably
well on extremely soft substrates. In addition, the lack of
measurable stiffness sensitivity for hippocampal neurite
outgrowth may indicate that mechanosensitivity is of little
utility in the very soft environment of the developing brain.
Our results confirm that PNS neurons, unlike most other cell
types, do not prefer very stiff substrates (9), but they also
reveal a relatively narrow maximum in outgrowth and
traction force versus stiffness, suggesting a high degree of
mechanosensitivity and substrate preference that may play
an important role in the mechanically diverse environment
of the PNS. Of note, DRG neurons have been shown to be
one of nature’s most sensitive detectors of molecular gradi-
ents (38). The long distances traversed by PNS neurons,Biophysical Journal 102(3) 452–460coupled with the high cost of navigational errors, presum-
ably create a strong evolutionary pressure for multiple
mechanisms for pathfinding.
In general, to move forward, cells have to exert a force on
the substrate to generate traction. However, neuronal growth
cones generate significantly lower traction forces than
other cell types, such as fibroblasts and keratocytes (9).
The observed traction stress magnitudes reported here are
consistent with literature values on pulling forces of entire
growth cones and the corresponding neurite tension of chick
sensory neurons probed with a micropipette assay (17). In
addition, they agree with low-resolution substrate deforma-
tion measurements of contractile forces of individual filopo-
dia from growth cones of mouse superior cervical ganglion
(SCG) neurons based on widely separated tracer beads (18).
There are a number of possible reasons why DRG neurons
have evolved to be significantly stronger than hippocampal
(CNS) neurons. Increased traction forces would be neces-
sary for effective mechanosensing on the diverse range of
substrate stiffness encountered in the PNS. In addition,
especially in the PNS, DRG neurons may need strong
substrate adhesion to withstand external mechanical forces
imparted by the surrounding environment. Finally, it has
been shown that externally applied tension on the order of
1–2 nN can significantly increase outgrowth speeds and
lengths of DRG neurites (39), and the internally generated
net forces and corresponding neurite tension that we
measure are large enough that DRG growth cones may
actively pull on their neurites to enhance the outgrowth
speed by mechanical stretching of the neurite. In contrast,
hippocampal neurons grow and form an intricate network
surrounded by one of the softest tissues found in the body.
The observation of forward movement in the absence of
traction stresses suggests that force generation and the
corresponding neurite tension may not be important as
a regulator of growth rate for hippocampal neurites. Consid-
ering the role mechanical tension plays in determining the
axonal fate in hippocampal neurons (21), it is conceivable
that a major role of traction generation in these neurons,
especially during initial outgrowth, is to keep a balance of
tension in a tug-of-war among the different neurites of
a cell. Consistent with this hypothesis, the hippocampal
growth cone traction stress field is typically highly local-
ized, uniformly directed toward the axon, and aligned with
the net force.
Although much remains unknown about the biophysical
mechanisms that are responsible for growth cone traction
force generation, the primary pathway appears to be
coupling of the ECM to retrograde actin flow through
substrate adhesion (9). The retrograde flow velocities we
report are in good agreement with literature values for other
neuronal cell types (20,32,40,41). The frictional clutch
hypothesis predicts an inverse relationship between retro-
grade actin flow and traction force, with weak adhesions
allowing relatively free actin flow (a disengaged clutch)
Growth Cone Traction Forces 459and strong adhesions causing significant reductions in retro-
grade flow rates (20,29,30). This hypothesis is consistent
with our observation that the larger traction forces generated
by DRG growth cones compared with hippocampal cones
are associated with substantially lower rates of retrograde
flow. Of interest, the computational model of Chan and
Odde (20) predicts a slight increase in traction stress with
substrate stiffness from a soft to an intermediate range, as
observed in our data, followed by a significant decrease in
traction stress from intermediate to stiff.
In addition, by observing the entire traction stress field at
high spatial and temporal resolution, we show that growth
cone traction stresses (and, by inference, substrate coupling)
are transient and rapidly evolving, quite unlike the strong,
stable, and mature focal adhesions in other cell types (9).
The observed differences in paxillin distribution suggest
the involvement of pathways that regulate focal adhesion
complex dynamics. Based on the reported force generation
from individual myosin II heads (1.3–5 pN) and predicted
loads for individual adhesion units (100–165 pN) comprised
of 3–5 integrins (9), we can estimate that relatively few
myosin II motors and perhaps only one (hippocampal) or
a few (DRG) focal adhesions are needed to provide the
observed traction stresses. This is consistent with observa-
tions of GFP-paxillin in live Xenopus growth cones showing
small numbers of localized spots that typically last for
1–3 min (42). The adaptation to substrates of intermediate
stiffness in DRG neurites we observed over the first day in
culture could be due to increased expression, redistribution,
or posttranslation modification of proteins associated with
focal adhesions or modification of actomyosin contractility.
These changes may arise from differential regulation of the
relevant proteins controlled by mechanosensitive signaling
pathways, or as an indirect consequence of the enhanced
neurite outgrowth, for example, through a more extensive
interconnected network of neurites.
The relationship between traction force and neurite
outgrowth is not simple. We found that blebbistatin, an
inhibitor of myosin II ATPase activity, eliminated force
generation, but neurites continued to advance. This is
consistent with previously reports about the role of myosin
II in force generation (18) and the rate of cell movement
(43), and the reduction in traction stress exerted on the
substrate upon inhibition of actomyosin contractility.
Myosin II promotes cell adhesion and force generation by
controlling the assembly and disassembly of focal adhesions
(44), and modulates the interaction of microtubules and
retrograde actin flow (45). Blebbistatin would affect both
of these processes. Reducing focal adhesions would reduce
the attachment of the growth cone to the substrate, but
reducing retrograde actin flow would allow unfettered
microtubule extension. Similar neurite elongation driven
by microtubule assembly has been demonstrated in Neuro
2A cells (46) and chick retina and spinal cord neurons (47).
In addition, continued elongation of the axon under inhibi-tory conditions, such as disruption of the actin network
(48) or elimination of microtubules (49), has been repeat-
edly observed. However, growth cones must actively
probe the substrate by exerting a force to successfully detect
and navigate by mechanical cues (9). Moreover, axonal
guidance is strongly disrupted when myosin II activity is
inhibited (50,51), suggesting that traction force is necessary
for growth cones to successfully navigate in response to
chemical guidance cues as well.
Taken together, our results suggest that the strong and
rather constant coupling of internal force generation to the
ECM through substrate adhesions in DRGs generates rela-
tively high traction stress and neurite tension, leading
to steady growth cone advancement. This combination
enables DRG neurons to cover large distances, respond to
the stiffness of their environment, and withstand external
forces imparted by the surrounding tissue. In contrast, the
weak and intermittent substrate coupling in hippocampal
growth cones results in fast retrograde actin flow with low
and intermittent traction force transmission. The finding
that hippocampal growth cone advancement appears to
be independent of traction suggests that CNS neurons are
less reliant on forces to modulate outgrowth and guidance,
although traction forces may play an important role in
neurite tension generation and consequently in axonal
maturation. These findings highlight the importance and
complexity of the interaction between neurons and their
mechanical environment. A deeper understanding of the
mechanisms underlying these interactions will shed light
on pathfinding during development and guide strategies to
promote regeneration after injury.SUPPORTING MATERIAL
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